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TECHNICAL NOTE D-27 

SHIELDING STAGNATION SURFACES OF FINITE CATALYTIC 

ACTIVITY BY A I R  INJECTION I N  HYPERSONIC FLIGHT 

By Paul M. Chung 

SUMMARY 

A study w a s  made on the  e f f e c t  o f  air i n j e c t i o n  i n  shielding 
s tagnat ion surfaces,  which have various f i n i t e  c a t a l y t i c  a c t i v i t i e s ,  
from t h e  aerodynamic heating i n  hypersonic f l i g h t .  Only t h e  case of 
chemically frozen boundary Layer was considered. 

A s e t  of closed-form solut ions was obtained which enables one t o  
ca lcu la te  heat- t ransfer  r a t e  when the blowing r a t e  and t h e  c a t a l y t i c  
c h a r a c t e r i s t i c s  of t h e  surface material  are given. 

It w a s  found t h a t  a i r  in jec t ion  can s t rongly influence t h e  heat 
acceptance r a t e  of a c a t a l y t i c  surface and can thus  be used t o  control  
t h e  heat input t o  surfaces  on which c a t a l y t i c  a c t i v i t y  v a r i e s  widely 
with temperature and fl ight condition. 

Only s m a l l  amounts of a i r  are required f o r  l a r g e  reductions i n  
heat- t ransfer  rate. 

INTRODUCTION 

I n  a hypersonic f l i g h t  it has been shown (refs. 1 and 2)  t h a t  the  
diffusion of t h e  r a d i c a l s  through the boundary l a y e r  and the  subsequent 
homogeneous o r  heterogeneous recombination could increase the  heat 
t r a n s f e r  t o  the  surface by a magnitude which i s  comparable t o  t h a t  due 
t o  t h e  ordinary convection. 
r a t h e r  l a r g e  domain of f l i g h t  conditions, at the  stagnation point  t h e  
chemical react ion time i s  la rge  compared t o  the  c h a r a c t e r i s t i c  t i m e s  f o r  
flow and rad ica l  diffusion.  For such a frozen flow, cooling of t h e  sur- 
face by t h e  i n j e c t i o n  of a f l u i d  seems a t t r a c t i v e  because an e f f e c t i v e  
cooling may be accomplished if t h e  surface i s  shielded from t h e  hot gas 
and a l s o  from t h e  incoming rad ica ls .  

It i s  estimated i n  reference 2 t h a t ,  f o r  a 

A general q u a l i t a t i v e  analysis  of t h e  heat t r a n s f e r  with m a s s  
addi t ion f o r  a chemically frozen flow i n  the  boundary l a y e r  w a s  included 
i n  reference 3. It i s  possible f romthe  information given i n  the  refer-  
ence t o  ca lcu la te  the  heat t r a n s f e r  t o  an i n f i n i t e l y  c a t a l y t i c  surface.  
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A ca ta ly t i c  react ion,  however, usua l ly  takes  place a t  a f i n i t e  
r a t e .  
t i o n  region heat t r a n s f e r  was  obtained f o r  t he  frozen boundary l aye r  and 
for t he  surfaces with d i f f e ren t  f i n i t e  c a t a l y t i c  a c t i v i t i e s .  The approxi- 
mation shown i n  reference 4 f o r  a highly cooled s tagnat ion surface w a s  
incorporated i n  t h e  analysis  of reference 2 i n  order  t o  obta in  a closed- 
form solut ion.  

In reference 2, a closed-form so lu t ion  t o  t h e  problem of stagna- 

In  the  present  paper, e s s e n t i a l l y  the  same approach found i n  
reference 2 will be used t o  study the  usefulness  of a i r  in j ec t ion  i n  
shielding surfaces with d i f f e ren t  f i n i t e  c a t a l y t i c  e f f i c i e n c i e s  from 
heat  t r ans fe r .  

SYMBOLS 

spec i f ic  heat  of i t h  component, Btu/lb OF 

frozen spec i f i c  heat of t he  mixture, Cimicpi, Btu/lb OF 

nose diameter, f t  

binary d i f fus ion  coef f ic ien t ,  f t2 / sec  

dimensionless stream funct ions 

pwvw 

J ~ P  ( Pepe) sc 
dimensionless blowing r a t e ,  - 

I_ h(l.1) 
he 

frozen to ta l .  enthalpy, Btu/lb 

t o t a l  enthalpy, h + Btu/Lb 

heat of recombination of atoms, Btu/lb 

tliernid conductivity,  Btu/sec f t  OF 

ca ta ly t i c  r eac t ion  r a t e  constant,  f t / s e c  

Pr  Li:r-is number, -- 
s c  

mass f r a c t i o n  of atoms 

mass f r a c t i o n  of i t h  component 

Y 
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P 

Pr 

r0 

S 

sc  

T 

ri 

V 

X 

Y 

Z 

D 

pressure,  lb / sq  f t  

Prandt l  number, - P q  
k 

heat  t r a n s f e r  t o  the  surface by ordinary convection, Btu/sec sq ft  

heat  t r a n s f e r  t o  the  surface by atom recombination at  t h e  surface,  
Btu/sec sq f t  

t o t a l  heat t r a n s f e r  t o  t h e  surface,  qc+ qd, Btu/sec sq f t  

t o t a l  heat t r a n s f e r  t o  noncatalytic and nonporous surface,  
Btu/sec sq f t  

q t  

hte+JP(Pepe) sc 
dimensionless heat t r a n s f e r ,  

dis tance defined i n  f igu re  1 

s i m i l a r i t y  ab s c i  ssa 

P Schmidt number, - 
temperature, OR 

PD 

x component of veloci ty ,  f t / sec  

y component of veloci ty ,  f t / s e c  

abscissa ,  f t  

ord ina te ,  f t  

m ( d  - 
m, 

- 
dx 

s i m i l a r i t y  ordinates  

v i  s eo s i t y  , lb- se  c/ f t 

densi ty ,  l b / f t3  

c a t a l y t i c  influence f a c t o r  defined by equation (22) 

stream funct ion 
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S 

W 

W 

1 

Subscripts  

outer edge of t h e  boundary l aye r  

stagnation point  

surface condition 

free-stream condition 

Superscript  

t o t a l  d i f f e ren t i a t ion  with respect  t o  t h e  var iab le  concerned 

ANALYSIS 

Boundary-Layer Equations and Boundary Conditions 

For a frozen laminar boundary l a y e r  on axisymmetric bodies, one 
may begin with the  following usual  set of equations ( see  f i g .  1 f o r  
coordinate systems). 

pu(&) + PV(@ = $ (P 2) - 2 

(cont inui ty)  

(momentum) 

w(2) + P{$) = $ (PD g) (d i f fus ion)  

The rad ia t ion  term i s  neglected i n  t h e  der iva t ion  of t h e  energy 
equation. 
equations provided t h e  boundary conditions do not destroy t h e  s imi l a r i t y .  
I n  reference 2, a s e t  of boundary conditions was  derived which preserved 
s imi l a r i t y  f o r  t he  case of no f l u i d  in j ec t ion  at t h e  s tagnat ion region. 
That t h e  s i m i l a r i t y  i s  not destroyed even when t h e  f l u i d  in j ec t ion  i s  
added w i l l  be shown subsequently. 
transformation i s  applied as follows: 

It i s  possible  t o  obtain s i m i l a r i t y  so lu t ions  t o  t h e  above 

With t h i s  i n  mind t h e  usual  s imi l a r i t y  
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L e t  

U - = f ' ( 7 )  
ue 

then 

d where C i s  assumed t o  be constant i n  the  transformation. Also define 

Then t h e  cont inui ty  equation i s  automatically satisfied and equations (2)  
through (4) transform t o  

1 g" = - ue2 (& - l)(f'f")' 
he 

fg '  + Pr 

(7)  1 f Z '  + - Z" = 0 sc 

It w a s  shown i n  reference 4 t h a t  the terms i n  the  right-hand side of 

This 

The same argument, however, holds a lso  when a f l u i d  i s  in j ec t ed  at 

equations ( 5 )  and (6) can be neglected without causing any appreciable 
e r r o r  i n  t h e  so lu t ions  when t h e  stagnation region i s  highly cooled. 
o r i g i n a l  argument of reference 4 was f o r  t h e  case of no f l u i d  in j ec t ion  
only.  
t he  surface,  and t h i s  case w a s  discussed i n  reference 5 .  When t h i s  
s impl i f ica t ion  i s  made, t h e  equations ( 5 ) ,  (6), and (7)  can be wr i t t en  as: 

I 

J 
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1 
Pr 

f g '  +-  g" = 0 

1 
s c  

fZ' +- Z" = 0 

The boundary conditions are 

f(0) = f w  

f ' ( 0 )  = 0 

f ' ( M )  = 1 

Z(M) = 1 

A c a t a l y t i c  react ion r a t e  can be usual ly  expressed by t h e  following 
re la t ion .  

n Reaction rate = KW(p$,) 

where Kw i s  a spec i f ic  r a t e  constant f o r  t h e  c a t a l y t i c  react ion,  and 
t h e  exponent n represents t h e  order of t h e  react ion.  I n  general ,  the  
c a t a l y t i c  surface recombination of t h e  dissociated gases such as oxygen 
and nitrogen can be considered as a f i r s t - o r d e r  reac t ion  ( see  r e f .  2 ) .  
The mass balance of atoms a t  the  surface y i e l d s  t h e  following boundary 
condition f o r  n = 1 

The left-hand s i d e  of t h e  above equation represents  t h e  ne t  rate of atoms 
ar r iv ing  a t  t h e  surface whereas the  right-hand s ide represents  t h e  ne t  
r a t e  of disappearance of the  atoms by t h e  c a t a l y t i c  recombination at the  
surface. The following r e l a t i o n s  a r e  used throughout t h i s  repor t .  

Now the boundary condition (eq.  (11)) i s  transformed t o  t h e  dimensionless 
form as  

Y 

.L 

1 

Y 
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It i s  seen t h a t  t h e  boundary condition (13) does not destroy t h e  
s i m i l a r i t y  of t h e  solut ion.  

Solution of t h e  Equations 

Tabulated values of t h e  Blasius function with blowing a r e  ava i lab le  
elsewhere (refs.  6 and 7 ) .  
boundary condition of f'(a3) = 2.  These can be made t o  f i t  t h e  present 
case f'(a3) = 1 readi ly .  
references 6 and 7 by 
f ( 7 ) .  Then F'(a3) = 2 whereas f ' ( w )  = 1. 

These tabulat ions,  however, a r e  f o r  t h e  

Denote t h e  Blasius funct ion tabula ted  i n  t h e  
F ( 0 ,  and t h e  present funct ion of equation (8) by 

L e t  
d 

Then the  s e t  found i n  the  references 

becomes equation (8) with i t s  boundary conditions 

Therefore t h e  tabula ted  values found i n  the  references can be used 
here provided one remembers t h e  changes i n  t h e  values of one of t h e  
boundary conditions:  f, = (l/@)Fw. The set 

w a s  solved i n  reference 6 f o r  Pr  = 0.72 and F, = 0, -0.5, -0.75, and 
J and -1.0. Let  
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b Then equation (16) becomes 

which i s  t h e  equation (9) with i t s  proper boundary condi t ions.  
t i o n  of t h e  d i f fus ion  equation (10) with t h e  boundary condi t ion 
gives 

Integra- 
Z(m) = l 

The appl icat ion of t h e  boundary condition of equation (13) t o  t h e  above 
equation gives 

Heat-Transfer Rate at  Surface 

By u t i l i z i n g  t h e  so lu t ion  of (16), t h e  heat t r a n s f e r  t o  t h e  surface 
by ordinary convection becomes: 

The value 
in j ec t ion  r a t e s  of 
f e r  t o  t h e  surface due t o  t h e  atom recombination a t  t h e  surface i s  

S ' ( 0 )  is  obtained d i r e c t l y  from reference 6 f o r  t h e  four  
Fw = 0, -0.5,  -0.75, and -1.0. Next, t h e  hea t  t rans-  

qd = Ahom,K@, = AhOmeZ(0)Kwpw 

When the expression f o r  Z(0)  given i n  equation (19) i s  used t h i s  becomes 

qd = m & h 0 m  G cp (21) 

where 
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and 

i 

The c a t a l y t i c  influence f a c t o r  cp of equation (22) becomes i d e n t i c a l  
t o  t h a t  given i n  reference 2 when f, = 0 .  

It i s  seen, from references 1 through 4, t h a t  t h e  Prandt l  number of 
0.72 and t h e  Lewis number of 1 . 4  a r e  good approximations f o r  t h e  hyper- 
sonic boundary layer .  I n  t h e  numerical work, therefore ,  t h e  Schmidt 
number i s  considered t o  be 0.72/1.4 = 0.514. 

This author w a s  unable t o  f i n d  elsewhere t h e  values of t h e  i n t e g r a l  

rm[ F ' '( 5 ) ] 514 d5. It i s ,  therefore ,  ca lcu la ted  here by Simpson's r u l e  
JO 

f o r  t h e  th ree  in j ec t ion  rates used f o r  
follows : 

q,, and it i s  tabula ted  here as 

0.50 2.472 

I -75 I 2.651 I 
I 1.00 I 2.874 I 

Fina l ly ,  t h e  expressions f o r  t o t a l  heat  transfer (qt .= q, + qd) are 
derived from t h e  equations (20) and (21)  f o r  t h e  th ree  i n j e c t i o n  rates 
and a r e  found t o  be as follows. Total  heat  t r a n s f e r  f o r  t h e  case of no 
i n j e c t i o n  i s  taken from reference 2 and shown here f o r  completeness. 
For fw = 0 

where 

For fw = -0.354 
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where 

For f, = -0.530 

where 

1 a =  

For fw  = -0.707 

where 

The above equations a re  f o r  
of t h e  dependence of heat t r a n s f e r  on the  property (pp.) w a s  found i n  
reference 1 f o r  boundary layers  of a i r  molecule-atom mixture. 
suggested i n  reference 3, on t h e  b a s i s  of t h e  information given i n  
reference 1, t o  use t h e  value of 
heat t r ans fe r  through such boundary l aye r s .  The use of t h i s  value of 
C, therefore ,  i n  t he  f i n a l  equations (24) through (27) probably would 
y i e l d  bes t  r e s u l t s  i n  t h e  ca lcu la t ion  of t h e  heat t r a n s f e r .  

Pr  = 0.72 and Le = 1 . 4 .  The general  mode 

It w a s  

C = (p+w/pepe)0'2 i n  ca lcu la t ing  

RESULTS AND DISCUSSION 

11; can be estimated, from t h e  information given i n  reference 2, 
t h a t  t h e  boundary l aye r  w i l l  be frozen at the  s tagnat ion region f o r  t h e  
f l i g h t  range between 200,000 feet a l t i t u d e ,  10,000 f e e t  per  second 

Y 



v ~ l o c i t j r ,  and 250,0('4 Feet a l t i t u d e ,  23,030 f t 2 . t  p.!:' s ~ m n d  veloci ty .  
The f l i g h t  paramelers 475 (pep,) ,C and 2m.&lb.b/ht, ~ J F . L * ~  ~ j > ~ ; T a C J ~ \  i m ~ ~ r ~ l y  
between 1 t o  l>xlO-" l_b/sec-ft2 and 0.3 Lo O.r,', c:;ts:L~,j .r-l-y, i n  t h i s  
r m g ~ ~ .  These are f o r  nose diameters between :~bo:t% 30 LO 300 inches.  
TI-)? property values used here a r e  obtained from refercrlces 8 and 9. 

The e f f e c t  of var ia t ion  of pwKw on t.he c a t a l y t i c  influence f a c t o r  
cp i s  shown i n  f igure  2 .  The f l i g h t  condition JP(Pepe)sC and the  
dixensionless i n j e c t i o n  rate f, a r e  used as parame'cers. The c a t a l y t i c  
reaction. rate constant KIT i s  a. property of a psr t . icular  combina-tion of 
the  reac t ing  gas and the  c a t a l y t i c  surface, whereas pw i s  t h e  density 
of the gas a t  the  svrface.  Metall ic and inetal l ic  oxide surfaces  have 
much hi.gher r a t e  constants than nonmetallic surfaces f o r  a given gas 
r?ac:ti.on. 
tude of Kw 
g1as::es whereas it i s  i n  the  order of 10 f t / s e c  f o r  meta l l ic  surfaces .  
The product usual ly  increases with temperature up t o  1300' K o r  
higher.  According t o  t h e  l imi ted  information avai lable ,  it increases 
with 2/?;-, f o r  glasses ,  but f o r  some metals Kw increases with as much 
as (TW)7.  
references 2 and 10. 

For instance,  a t  the surface temperature of TOO0 K, t h e  magni- 
f o r  oxygen. recomiJination i s  i n  -the order  of LO-2 f t / s e c  f o r  

pwKIT 

These values are estimated from t h e  information given i n  

It i s  seen from f igure  2 and t h e  b r i e f  analysis  on K, given above 
t h a t  t h e  c a t a l y t i c  influence f a c t o r  cp may vary readi ly  between 0 and 1. 
It i s  a l s o  seen t h a t  t h e  var ia t ion  depends g r e a t l y  on the  surface mater ia l ,  
surface temperature, and the  f l i g h t  parameter ^JP(Pepe)sC 
r a t h e r  insens i t ive  t o  t h e  inJec t ion  ra te  fv.  

but it i s  

The varliation of heat t r a n s f e r  scith respect t o  t h e  i n j e c t i o n  r a t e  i s  
shown i n  f igure  3 i n  a dimensionless form. The three  p l o t s  of the  f igure  
a re  f o r  the  t h r e e  d i f fe ren t  r a t i o s  of heat- t ransfer  p o t e n t i a l s  
The r a t i o  Ah.'me/hte represents the  f rac t ion  of t h e  t o t a l  heat- t ransfer  
p o t e n t i a l  avai lable  as recombination energy. I n  each of t h e  p l o t s ,  the  
c a t a l y t i c  influence f a c t o r  cp i s  used as a parameter because it has been 
found t h a t  cp i s  not var ied much w i t h  f, when o ther  f a c t o r s  remain 
constant.  A la rge  decrease i n  the heat t r a n s f e r  due t o  f l u i d  i n j e c t i o n  
i s  evident from t h e  f igure .  

Ahome/hte. 

It i s  seen i n  f igure  3 t h a t  the  rate of decrease of 'hea t  t r a n s f e r  
with increasing i n j e c t i o n  r a t e  i s  greater  f o r  l a r g e r  values of c p .  This 
means t h a t  f o r  a given r a t e  of f l u i d  inject ion,  the  amount, of decrease 
i r  heat t r a n s f e r  from the  case of no in jec t ion  becomes grea te r  with 
increasing c p .  This i s  more evident for  t h e  higher values  of Ahow/hte 
because t h e  surface shielding from the incoming rad ica ls  by f l u i d  injec-  
t i o n  becomes more prominent f o r  higher p o t e n t i a l s  of recombination energy 

The considerable i n s t a b i l i t y  which may occur i n  hypersonic f l i g h t  LF 

a r e s u l t  of the  increase i n  cp and the accompanying increase i n  heat 
t r a n s f e r  i s  discussed i n  reference 10. Under such conditions,  one may 
see from t h e  preceding discussions of the  f i g u r e  3 t h a t  a well-programed 
i n j e c t i o n  r a t e  would reduce the  i n s t a b i l i t y  successful ly .  
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The weight of a coolant ca r r i ed  i s  an important f a c t o r  t o  be 
considered i n  an ac tua l  f l i g h t  of a vehicle .  The values of P ,  which Y 

appear in  equation (12),must be known i n  order t o  have a s p e c i f i c  numeri- 
c a l  example. The symbol P represents  t h e  gradient  due/& and i s  
obtained from the  inv i sc id  flow conditions of a i r  at the  ou te r  edge of 
t h e  boundary layer .  It depends on severa l  parameters, one of which i s  
t h e  nose shape. Many references can be found i n  t h e  l i t e r a t u r e  which 
describe the  inv i sc id  aerodynamics near t h e  nose of a b lunt  body i n  
hypersonic f l i g h t .  Here, f o r  t he  purpose of  a numerical example, it i s  
considered t h a t  t h e  inv i sc id  flow f i e l d  i s  approximated by t h a t  near t h e  
stagnation point  of a f i n i t e  sphere. For such a region, P w a s  found t o  
be (2b/d)J(p,/pes)[2- (p,/pes)] i n  reference 11, and t h i s  expression i s  
used i n  t h e  present ca lcu la t ion .  The va r i a t ion  of heat t r a n s f e r  t o  t h e  
surface with respect  t o  t h e  ac tua l  i n j e c t i o n  r a t e  of a i r  i n  lb / sq  f t - s e c  
i s  shown i n  f igu re  4 f o r  a t y p i c a l  f l i g h t  condition of 250,000 f e e t  
a l t i t u d e ,  24,000 f t / s e c  veloci ty ,  and a nose diameter of 30 inches.  It 
i s  seen i n  the  f igure  t h a t  a very s m a l l  amount of a i r  in j ec t ion  results 
i n  a large decrease of heat t r a n s f e r .  For t h e  spec i f i c  f l i g h t  conditions 
used i n  f igu re  4, and f o r  t h e  extreme c a t a l y t i c  value of pwKw = W, t he  
ac tua l  reduction i n  heat  t r a n s f e r  accomplished by the  a i r  i n j e c t i o n  i s  of 
t he  order of 10,000 Btu/lb of a i r  in jec ted .  

b 

. 
CONCLUDING REMARKS 

A s e t  of closed-form so lu t ions  i s  obtained which enables one t o  
ca lcu la te  hea t - t ransfer  r a t e  t o  s tagnat ion surfaces  with f i n i t e  c a t a l y t i c  
a c t i v i t y  and air  i n j e c t i o n  i n  hypersonic f l i g h t  provided t h e  boundary 
l aye r  i s  chemically frozen. 

It i s  seen t h a t  l a r g e  va r i a t ions  i n  the  surface c a t a l y t i c  a c t i v i t y  
and therefore  t h e  heat  t r a n s f e r  can be expected i n  hypersonic f l i g h t .  A 
well  programed a i r  in j ec t ion  may considerably reduce t h e  i n s t a b i l i t y  i n  
heat t r ans fe r  due t o  t h e  va r i a t ion  i n  c a t a l y t i c  a c t i v i t y .  

It i s  also seen t h a t  a very s m a l l  amount of air  i s  required f o r  
su f f i c i en t ly  l a rge  reductions i n  heat  t r a n s f e r  so t h a t  t he  a i r  in j ec t ion  
scheme may be of p r a c t i c a l  i n t e r e s t  f o r  t h e  f l i g h t  conditions considered 
i n  the  present ana lys i s .  

The present study i s  appl ied only t o  t h e  cases i n  which t h e  in jec ted  
f l u i d  i s  air  and t h e  boundary l aye r  i s  frozen.  It will be worthwhile t o  
inves t iga te  t h e  shielding e f f e c t  of gases o ther  than air i n  t h e  l i g h t  of 
r ad ica l  d i f fus ions  and recombinations, and a l so ,  i n  t h e  presence of t h e  
f i n i t e  chemical reac t ions  within the  boundary l aye r .  

Ames Research Center 
National Aeronautics and Space Administration 

Moffet t  F ie ld ,  C a l i f . ,  Apri l  24, 1959 
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Figure 1.- Physical model. 
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Figure 3.- Variation of heat  transfer with f l u i d  in j ec t ion .  
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Figure 3 .- Continued. 
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Figure 3.- Concluded. 
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